Abstract An intensive field observation experiment using 12 Chinese gliders equipped with conductivity-temperature-depth (CTD) sensors and 62 expendable CTD probes (XCTDs) was performed to investigate the 3-D structure and time evolution of an anticyclonic eddy in the northern South China Sea (NSCS). The observed results showed that the anticyclonic eddy had a horizontal radius of about 80 km at surface and a vertical depth of impact of more than 1000 m. The largest temperature and salinity anomalies compared with the averaged values of the temperature and salinity profiles were 3.5°C and 0.4 psu at 120 m depth, respectively. Combined analysis of altimeter sea level and water mass properties indicated that the anticyclonic eddy was shed from the Kuroshio loop current. The vertical axis of the anticyclonic eddy tilted from surface to the observed maximum depth (1000 m) along its translation direction against the 2000 m isobath. The center of the anticyclonic eddy remained in the region east of Dongsha Island for more than half a month. During this time, the long axis direction of the eddy changed from across the slope to along the slope. Then, the eddy moved southward along the 2000 m isobaths. Both the geostrophic current and temperature distribution revealed that the eddy intensity weakened during the observation period gradually. These observations indicated strong interaction between the anticyclonic eddy and the slope topography of Dongsha Island.
Introduction
The underwater glider is a new type of autonomous vehicle that combines buoy and robot technologies (Niu et al., 2017) . The glider moves horizontally using its wings and vertically by controlling its buoyancy, which requires only a small amount of energy; therefore it has a long cruise time and large observation area (Rudnick et al., 2004) . A glider equipped with oceanic sensors can serve as a monitoring platform for ocean environment variables. With its high-resolution spatiotemporal sampling, the glider has been adopted widely in oceanographic research to understand the dynamics of oceanic processes, such as mesoscale eddies, submesoscale eddies, fronts, and western boundary currents (Leonard et al., 2010; Shu et al., 2016a; Ruan et al., 2017) . Compared with the Slocum glider (Webb et al., 2001) , Seaglider (Eriksen et al., 2001) , and Spray glider (Sherman et al., 2001 ) designed by Americans in the early 21st century, the Sea-Wing glider (Yu et al., 2013) and the Petrel glider (Liu et al., 2017) developed by China are relatively recent arrivals in the study of oceanography.
The kinetic energy of mesoscale eddies (scales of tens to hundreds of km) is more than an order of magnitude greater than the mean kinetic energy over most of the ocean (Wyrtki et al., 1976; Richardson, 1983; Chelton et al., 2007) . Studying the 3-D structure of the mesoscale eddies and their evolution are important for understanding mesoscale dynamics and the energy cascade among large-scale currents, mesoscale eddies, and submesoscale currents (Capet et al., 2008; Zu et al., 2013; Zhang et al., 2016) . Influenced by local wind curl and the instability of the front induced by Kuroshio intrusion, the northern South China Sea (NSCS) is characterized as an area with high mesoscale eddy activities (Li et al., 1998; Chu and Fan, 2001; He et al., 2002; Wang G et al., 2008; Nan et al., 2011; Xiu et al., 2010; Zu et al., 2013) . Moreover, the mesoscale eddies in the SCS have a significant influence on the deep current Shu et al., 2016b) . Previous studies have focused mostly on the general characteristics and the generation of submesoscale eddies in the NSCS Zhuang et al., 2010; Li et al., 1998; Jia and Liu, 2004; Hu et al., 2012) . Chu et al. (2014) investigated the 3-D structure of an anticyclonic eddy in the Xisha area based on the CTD observation. They didn't reveal the time evolution of 3-D structure of the anticyclonic eddy. Zhang et al. (2016) observed 3-D structure and time evolution of mesoscale eddies in the NSCS based on a "cross transect" mooring array. Their observations had a high resolution in both the vertical direction and time evolution. However, the horizontal resolution was not enough to show the fine structure of the mesoscale eddy in the horizontal plane.
The underwater glider offers full-scale sampling observation of mesoscale to submesoscale processes with a large spatial coverage and a high temporal resolution and can be used to observe the fine 3-D structure and its time evolution of mesoscale eddies. This study investigated the detailed structure and deformation of a temporarily stationary anticyclonic eddy in the NSCS using 12 Chinese Sea-Wing gliders and 62 expendable probes.
Glider network observations

Sea-Wing underwater glider
The Sea-Wing underwater glider was developed by the Shenyang Institute of Automation, Chinese Academy of Sciences, and is designed for observation of deep-sea environmental variables (Yu et al., 2011) . The Sea-Wing glider has a compact attitude-regulating unit because of its individual pitch and roll attitude-regulating mechanism (Yu et al., 2011) . The steady gliding motion parameters of the SeaWing glider are optimized to save energy and increase gliding range (Yu et al., 2013) . The Sea-Wing underwater glider was sea tested from October 15, 2014, when it glided 1000 km during a duration of one month. After this test, the Sea-Wing underwater glider began to be applied to oceanographic studies (Qiu et al., 2015; Shu et al., 2016a) .
Twelve gliders' network in the NSCS
A glider network observation experiment was carried out in the NSCS from July 14, 2017, to August 14, 2017. One of the research initiatives was to reveal the 3-D structure of an anticyclonic mesoscale eddy in the NSCS and improve understanding of mesoscale eddy dynamics. In the experiment, 12 Sea-Wing underwater gliders were deployed from the scientific research vessel Kexue (Figure 1b) . The maximum observation depths of nine of the gliders were 1000 m, and that of the other three gliders was 300 m. All of the gliders were equipped with a Slocum Glider Payload conductivitytemperature-depth (CTD) sensor produced by Sea-Bird Electronics (SBE) in United States. The observation accuracies of the CTD are ±0.0003 S m −1 for electric conductivity, ±0.002°C for temperature, and ±0.1% for pressure, respectively. The sampling frequency was set to be 6 s −1 and the vertical resolution was about 0.6 m. The glider observation region, in which each glider cruised repeatedly along a path, is shown in Figure 1a . During the experiment, we obtained 3720 profiles with an average horizontal resolution of 2.1 km along the glider trajectories and an average sampling frequency of each glider of 2.4 h.
Hydrographic survey
To obtain background hydrographic characteristics, 62 expendable CTD (XCTD) probes produced by Tsurumi Seiki Co. Ltd. in Japan were deployed in a larger domain than that of the gliders ( Figure 1a ). The type of the probes used in the observation experiment were XCTD-1 with the measuring depth of 1000 m and measuring time of 300 s under the ship speed within 12 knots. The observation accuracies of the XCTD are ±0.003 S m −1 for electric conductivity, ±0.02°C for temperature, and ±2% for depth, respectively. The vertical resolution of the XCTD observation was 1 m. The XCTD observations were executed between July 13 and July 22, 2017. The terminal observation depth of the XCTD probes was 1000 m. Basic quality control was performed for all in situ data used in this study as follows. Firstly, the obviously abnormities were removed. Secondly, we removed the temperature and salinity observations, where they were out of 2 (1.5) times of stand deviation when the temperature is larger (lower) than 15°C (Zeng et al., 2016a (Zeng et al., , 2016b . At last, both the temperature and salinity values were deleted when the vertical temperature gradient was larger than 0.3°C m −1 .
Anticyclonic eddy characteristics revealed by field observation experiment
Satellite observation of the anticyclonic eddy
The daily absolute dynamic topography (ADT) and surface geostrophic velocity from June to August 2017 were obtained from the AVISO gridded dataset to illustrate the time evolution of the anticyclonic eddy; the data were averaged using the nearest seven days (Figure 2) . A Loop current appeared in the Luzon Strait on June 15 with the 1.15 m contour line of the ADT blending westward (Figure 2a) . Afterward, the meander enhanced ( Figure 2b ) and an anticyclonic eddy was formed on July 29 (Figure 2c ). Then the anticyclonic eddy shed from the Kuroshio and propagated westward with a translation speed of about 5.8 cm s −1 (Figure  2c -e). The anticyclonic eddy generally remained east of Dongsha Island for more than 15 days after it encountered the slope topography on July 13, 2017 (Figure 2e-g ). During the period of July 13-27, 2017, the shape of the anticyclonic eddy changed where the elliptical long axis direction turned from approximately across the slope to along the slope (Figure 2e-g ). The deformation of the anticyclonic eddy indicated that it might have interacted with the slope topography. After July 28, 2017, the anticyclonic eddy moved southwestward approximately against the 2000 m isobaths with a translation velocity of 4.2 cm s −1 (Figure 2g-i) . The average radius of the anticyclonic eddy at the surface was about 80 km.
Anticyclonic eddy characteristics observed by XCTD
The temperature and salinity observed by the XCTD and the Glider CTD were validated each other before they were used to present the anticyclonic characteristics. The temperature and salinity (T-S) diagram of XCTD was in accordance with that of Glider CTD (Figure 3a and 3b) . Moreover, there were twelve XCTDs overlapped the glider profiles in space within a 3-day window. The T-S diagram revealed by the twelve overlapped profiles of XCTDs and those of Glider CTDs show the similar properties of water mass (Figure 3c) . Considering that the sensors of XCTD and Glider CTD were from different manufacturers, we believe that both of them are generally reliable. It should be noted that the XCTD probes were not equipped with a pressure sensor and the depth data were computed automatically from the elapsed time and empirical parameters, some uncertainties existed in the depth data derived by XCTD. However, the averaged temperature and salinity errors at the same depth of XCTDs relative to glider were small (not shown here).
The anomalies of temperature and salinity observed by XCTD were shown in Figure 4a and 4b. The anomalies were calculated by subtracting the climatologic values of the temperature and salinity in July derived from World Ocean Atlas 2013 (WOA13, https://www.nodc.noaa.gov/OC5/ woa13/). Figure 4 shows that that there was an anticyclonic eddy northwest of the Luzon Strait. The maximum temperature anomaly, with values of more than 3.5°C, appeared in the thermocline, at~120 m. Comparison with the climatologic salinity, the maximum salinity anomaly of the anticyclonic eddy, with a maximum value of about 0.4 psu, also appeared in the thermocline (Figure 4b ). Salinity anomalies of the anticyclonic eddy were observed mainly above 200 m, with negative salinity anomaly in the mixed layer and large positive anomaly between beneath the mixed layer and 200 m depth.
The T-S scatter diagram of XCTD in the anticyclonic eddy area shown in Figure 5 is used to investigate the source of the water. The characteristics of the SCS water mass and the Kuroshio water mass were also represented as a reference by the respective T-S diagrams derived from historic Argo profiles in the Boxes shown in Figure 5 . The properties of the Kuroshio water are obviously different from those of the SCS water. The Kuroshio water is warmer and more saline in the upper layer, and colder and fresher in the intermediate layer than the SCS water. Both XCTD and Glider observed eddy water mass above 15°C of temperature had similar properties to the Kuroshio water and was significantly different from the SCS water. This further suggested that the source water of the eddy was from the Kuroshio (Shu et al., 2016a) , and verified the eddy shed from Kuroshio as shown in Figure 2 . Typically, an anticyclonic eddy generated by Kuroshio shedding is characterized by a positive salinity anomaly in the upper layer because of the higher salinity of Kuroshio water than of SCS water (Jia and Liu, 2004; Shu et al., 2016a) . The surface salinity of the anticyclonic eddy was lower than the climatologic SCS water, indicating that the anticyclonic eddy might entrained some surface SCS water (Zhang et al., 2017) . It should be noted that there were some obvious differences of characteristic of water mass within the anticyclonic eddy observed by between the XCTD and Glider ( Figure 5) . Especially, below 15°C, the water mass observed by XCTD obviously differed from the SCS water, whereas the water mass observed by Glider was same to SCS water. Previous observation study had shown that the Kuroshio Current near the Luzon Strait is only confined to the upper 500 m layer (Lien et al., 2015) . Moreover, Zhang et al. (2017) suggested that the anticyclonic eddy shed from the Kuroshio loop current only contained the Kuroshio water signals in the upper 300 m layer, which is coincident with the Glider observation ( Figure 5) . Therefore, the characteristics of water mass revealed by Glider should be more reliable than that by XCTD. The systematic error of XCTD can also be seen in Figure 3c , which might be due to the lag of the XCTD salinity probe in its rapid fall.
Interpretation of the 3-D structure and time evolution of the anticyclonic eddy revealed by the gliders
The temperature and salinity anomalies observed by the gliders are shown in Figure 6 . The anomalies were derived by subtracting the climatologic temperature and salinity profiles and then using a Kriging interpolation method. According to the coverage of the glider observation, we separated the observation period into the three stages of July 14 to July 23, July 24 to August 3, and August 4 to August 14. The temperature anomaly indicates that the depth of impact of the anticyclonic eddy was more than the maximum observation depth, 1000 m (Figure 6a-c) . The salinity anomaly appeared mainly from the surface to the depth of 200 m (Figure 6d-f) . The largest temperature and salinity anomalies were approximately positive 3.5°C and 0.25 psu, respectively, and these were at a depth of about 120 m (not shown here), which was located in the typical thermocline in this area. Few temperature anomalies (~1.5°C) appeared in the surface throughout the entire observation period (Figure 6a-c) . There was a negative salinity anomaly in the most area at the surface between July 14 and July 23, which also was observed by XCTD in the same period.
The distributions of the temperature and salinity anomalies shown Figure 6 also indicate the evolution of the anticyclonic eddy. During the observation period, the shape and position of the anticyclonic eddy changed significantly (Figure 6 ). To illustrate the time evolution of the anticyclonic eddy are shown in Figure 7a -c. In the first two stages, the center of eddy remained almost stationary, but the shape of the eddy changed. During stage 1, the direction of the long axis of the eddy in the horizontal plane was southeastnorthwest, but during stage 2, the long axis direction turned to become southwest-northeast (Figure 7a and b) . Similar to the ADT result observed by AVISO, the change of the eddy shape observed by Glider further confirmed the interaction between the anticyclonic eddy and the slope topography. Yang et al. (2016) found that the propagation speed of eddies decreases in the Dongsha area because of the large topographic gradient. The slope topography in the Dongsha area hindered the westward propagation of the anticyclonic eddy and compressed the eddy in the cross slope direction. As a result, the anticyclonic eddy was trapped at this location for more than half a month and its long axis aligned with the 2000 m isobaths along the slope. In stage 3, the anticyclonic eddy moved southward along the 2000 m isobaths.
The anticyclonic eddy intensity weakened from stage 1 to stage 3, which can be found from the coverage range of positive temperature anomaly and of negative salinity anomaly at 1000 m depth (Figure 6 ). The decreased eddy intensity can also be seen from the evolution of the temperature distribution at 100 and 800 m depths shown in Figure 7 . The geostrophic current was calculated from the thermal wind relation: ), is potential density of sea water, and f is local Coriolis parameter. The reference depth was set to be at 1000 m where the velocity was assumed to be zero, which might underestimate the eddy intensity because the influence depth of the anticyclonic eddy was obviously larger than 1000 m (Figure 6 ). The geostrophic current at 100 m and 800 m depths show that the radium of the anticyclonic eddy reduced from stage 1 to stage 3 (Figure 7 ), also indicating that the intensity of the eddy decreased. The surface negative salinity anomaly disappeared during the stage 2 and stage 3 (Figure 6e-f) . The reason might be because the horizontal convergence decreased when the intensity of anticyclonic eddy weakened, and the eddy tended to recover its original surface salinity in term of secondary circulation. Another characteristic of the anticyclonic eddy was that the vertical axis of the anticyclonic eddy titled, which can be seen from the position difference of the anticyclonic eddy centers between at 100 m and 800 depths (Figure 7) . The titled direction from surface to deep layers was generally in coincidence with the propagation direction of the anticyclonic eddy. The tilted characteristic of the anticyclonic eddy in the NSCS was thought the cause of topographic β effect (Zhang et al., 2017) .
Discussion and conclusion
We performed an intensive field observation experiment for an anticyclonic eddy in the NSCS using 12 gliders and 62 XCTDs. Using the glider and XCTD observation profiles, together with AVISO data, we presented the 3-D structure and time evolution of the anticyclonic eddy. The anticyclonic eddy had a horizontal radius of about 80 km and a vertical depth of impact of more than 1000 m. The largest temperature and salinity anomalies with values of 3.5°C and 0.4 psu, respectively, occurred at the depth of about 120 m. Analysis of the properties of water mass indicated that the eddy was originated from the Kuroshio shedding. The vertical axis of the anticyclonic eddy tilted from surface to deep layers along its translation direction, which was thought the cause of topographic β effect. During the observation period, the anticyclonic eddy was trapped in the area east of Dongsha Island for more than half a month. Interaction between the anticyclonic eddy and the slope topography occurred during this period. The direction of the long axis of the eddy changed approximately from across the slope to parallel to the slope. Subsequently, the eddy moved southward along the 2000 m isobaths. Both the geostrophic current and temperature distribution revealed that the eddy intensity weakened from stage 1 to stage 3. This paper revealed interaction between the anticyclonic eddy and slope topography. However, how the anticyclonic eddy interacted with the topography was not investigated. Submesoscale processes are important for the energy dissipation of a mesoscale current (McWilliams, 2016) . Ruan et al. (2017) found that the interaction between strong boundary currents and slope topography generates strong submesoscale turbulence beneath the thermocline. The gliders provided us with high-resolution observations, which enable study of submesoscale processes. Therefore, the energy translation between the large-scale current and the anticyclonic eddy, and the energy cascade and dispersion between the mesoscale eddy and submesoscale eddies should be investigated further.
